Expanding hypoxia in the Baltic Sea over the past century has led to anoxic and sulfidic 14 (euxinic) deep basins that are only periodically ventilated by inflows of oxygenated waters 15 from the North Sea. In this study, we investigate the consequences of the expanding hypoxia 16 for manganese (Mn) burial in the Baltic Sea using a combination of pore water and sediment 17 analyses of well-dated sediment cores from 8 locations. Diffusive fluxes of dissolved Mn 18 from sediments to overlying waters at oxic and hypoxic sites are in line with an active release 19 of Mn from these areas. However, this flux of Mn is only small when compared to the large 20 pool of Mn already present in the hypoxic and anoxic water column. Our results highlight two 21 modes of Mn carbonate formation in sediments of the deep basins. In the Gotland Deep area, 22
Introduction 8
Manganese (Mn) enrichments in sedimentary deposits are often used as an indicator of redox 9 changes in the overlying waters (e.g. Calvert and Pedersen, 1993) . In anoxic settings, Mn-10 enrichments are typically assumed to consist of Mn carbonates, which are associated with 11 calcium and can contain other impurities (e.g. Jakobsen and Postma, 1989; Manheim, 1961; 12 Sternbeck and Sohlenius, 1997; Suess, 1979) . These minerals are suggested to form from Mn 13 oxides deposited during a period of bottom water oxygenation (Calvert and Pedersen, 1996 ; 14 Huckriede and Meischner, 1996) , with Mn 2+ availability thought to be the key control 15 (Neumann et al., 2002) . However, sediment Mn data for both the Landsort Deep in the Baltic 16 Sea (Lepland and Stevens, 1998) and the Black Sea (Lyons and Severmann, 2006) indicate 17 that Mn enrichments may also form in sediments overlain by continuously anoxic bottom 18 waters. In the Landsort Deep, these enrichments consist of both Mn carbonates and Mn 19 sulfides (Lepland and Stevens, 1998; Suess, 1979) . The formation of both mineral phases is 20 assumed to be driven by an exceptionally high alkalinity, with Mn sulfides forming when H 2 S 21 exceeds Fe availability (Böttcher and Huckriede, 1997; Lepland and Stevens, 1998) . Finally, 22 Mn enrichments may also form in sediments overlain by oxic bottom waters upon increased 23 input and precipitation of Mn oxides and transformation to Mn carbonate during burial (e.g. River input (Ahl, 1977; Martin and Meybeck, 1979) and release from sediments (Sundby et 9 al., 1981; Yeats et al., 1979) are the key sources of Mn in the water column of marine coastal 10 basins. While in areas with oxic bottom waters, dissolved Mn produced in the sediment will 11 mostly be oxidized to Mn oxide in the surface layer and thus will be trapped in the sediment, 12
dissolved Mn may escape to the overlying water when the oxic surface layer is very thin 13 (Slomp et al., 1997) . In the water column, this Mn may be oxidized again (e.g. Dellwig et al., anoxia could allow Mn oxides to be reduced in the water column and at the sediment-water 29 interface, precluding conversion to Mn carbonates. This mechanism was recently invoked to 30 explain the lack of Mn carbonates during periods of bottom water euxinia in the Gotland 31
Deep during the Holocene Thermal Maximum (Lenz et al., 2014). If alkalinity is the key 32 in the core liner. A small portion of each sample was stored at 5°C or -20°C in gas-tight jars 1 for sediment analyses. The remaining sediment was centrifuged (10-30 min.; 2500 g) in 50 ml 2 greiner tubes to collect pore water. Both the pore water and a bottom water sample were 3 filtered (0.45 µm pore size) and subdivided for later laboratory analyses. All pore water 4 handling prior to storage was performed in a N 2 atmosphere. A subsample of 0.5 ml was 5 directly transferred to a vial with 2 ml of a 2% Zn-acetate solution for analysis of hydrogen 6 sulfide. Sulfide concentrations were determined by complexation of the ZnS precipitate using 7 phenylenediamine and ferric chloride (Strickland and Parsons, 1972) . Subsamples for total 8
Mn and S were acidified with either HNO 3 (Fladen, BY5) or HCl (all other stations) and 9 stored at 5°C until further analysis with ICP-OES (Perkin Elmer Optima 3000; relative 10 precision (<5%) and accuracy were established by standards (ISE-921) and duplicates). 11
Hydrogen sulfide was assumed to be released during the initial acidification, thus S is 12 assumed to represent SO 4 2-only. Total Mn is assumed to represent Mn 2+ , although some Mn 3+ 13 may also be included (Madison et al., 2011) . Subsamples for NH 4 were frozen at -20°C until 14 spectrophotometric analysis using the phenol hypochlorite method (Riley, 1953) . A final 15 subsample was used to determine the pH with a pH electrode and meter (Sentron). Note that 16 degassing may impact ex-situ pH measurements and may lead to a rise in pH (Cai and 17 Reimers, 1993). The total alkalinity was then titrated with 0.01 M HCl. All colorimetric 18 analyses were performed with a Shimadzu spectrophotometer. Replicate analyses indicated 19 that the relative error for the pore water analyses was generally <10 %. 20
Sediment analyses 21
Sediment samples were freeze-dried and water contents were calculated from the weight loss. Mini sub-cores of 1 cm diameter and up to ~12 cm length each were taken from the top part 21 of sediment multicores at sites LL19 and LD1 in May 2011 as described by Jilbert and Slomp 22 (2013) . Briefly, the pore water was replaced by acetone and the sub-core was fixed in Spurr´s 23 epoxy resin. During the whole procedure the sub-cores remained upright. During the 24 dewatering process the sediment compacted resulting in a reduction of length of both sections 25 by up to 50%. After curing, epoxy-embedded sub-cores were opened perpendicular to the 26 plane of sedimentation and the exposed internal surface was polished. Therefore, an approximation of the solubility product of (Mn, Ca) CO 3 solid solutions was 13 generated using the equations given in Katsikopoulos vary over a wide range, with the highest efflux from the sediment being observed at 6 the hypoxic Bornholm Basin site BY5 and in the anoxic Landsort Deep (LD1)( Table 2) . 7
Average sedimentation rates vary significantly between sites, with 3-to 4-fold higher rates at 8
Fladen and in the Landsort Deep when compared to LF1 and BY5 (Table 1 (Fig. 4) . The high-resolution analyses for the Landsort Deep site (LD1) also show that, besides Mn 31 carbonate enrichments, there are several distinct layers of Mn sulfide in the surface sediments 32 (Fig. 5) . These appear to coincide with enrichments in Mo, suggesting formation of Mn 1 sulfides during intervals of more reducing conditions (Mort et al., 2010). Furthermore, we 2 observe simultaneous enrichments of Br (Fig. 5) , which suggests higher organic carbon 3 contents (Ziegler et al., 2008) . These results could imply that increased rates of sulfate 4 reduction linked to elevated inputs of organic material to the sediments drive the formation of 5
Mn sulfide. We note that the interval presented in the XRF map covers only a few years of 6 sediment accumulation, possibly suggesting rapid changes in Mn mineralogy in response to 7 seasonal variability of the organic matter flux (Fig. 5) . Primary productivity in the Baltic Sea 8 is known to vary seasonally (Bianchi et al., 2002; Fennel, 1995 also show no evidence for mixing. We therefore conclude that, with the increased hypoxia 7 and euxinia in the Baltic Sea, Mn oxides are no longer converted to stable Mn carbonates 8 following inflows. 9
The formation of Mn carbonates in Baltic Sea sediments is typically believed to be induced 10 by the high alkalinity linked to organic matter degradation combined with high Mn We postulate that this is due to the expansion of hypoxia over the past decades with the Mn 27 oxides formed during inflows from the North Sea often being reduced so rapidly that the Mn counts, but relative scaling has been modified to highlight features. The fourth picture for 10 each station shows a RGB (red-green-blue) composite of the three elements with orange to 11 yellow colors indicating a mix of Mn and Ca, and therefore, representing Ca-Mn carbonates. 12
The pink/purple represents a mix of Mn and S, hence Mn sulfide. 
